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Abstract: During Phase-2 of the LHC, known as the High Luminosity LHC (HL-LHC), the
accelerator will increase its instantaneous luminosity to 5 × 1034 cm−2 s−1, delivering an integrated
luminosity of 3000 fb−1 over 10 years of operation starting from 2027. In view of the HL-LHC,
the CMS muon system will be upgraded to sustain efficient muon triggering and reconstruction
performance. Resistive Plate Chambers (RPCs) serve as dedicated detectors for muon triggering
due to their excellent timing resolution, and will extend |η | (pseudorapidity) up to a region of 2.4.
Before Long Shutdown 3 (LS3), the RE3/1 and RE4/1 stations of the endcap will be equipped
with new improved Resistive Plate Chambers (iRPCs) having different design and geometry than
the present RPC system. The iRPC geometry configuration improves the detector’s rate capability
and its ability to survive the harsh background conditions of the HL-LHC. Also, new electronics
equipped with excellent timing precision measurements with a resolution of less than 150 ps are
developed to read out the RPC detectors from both sides of the strips to allow for good spatial
resolution along them. The performance of the iRPC has been studied with gamma radiation at the
Gamma Irradiation Facility (GIF++) at CERN. Ongoing longevity studies will help to certify the
iRPCs for the HL-LHC running period. The main detector parameters such as the currents, rate
and resistivity are regularly monitored as a function of the integrated charge. Preliminary results of
the detector performance will be presented.
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1 Resistive Plate Chambers at CMS
Themuon system of the CompactMuon Solenoid (CMS) experiment [1] at the CERNLarge Hadron
Collider (LHC) consists of three types of gaseous detectors: Drift Tubes (DTs) in the barrel, Cathode
Strip Chambers (CSCs) in the endcaps and Resistive Plate Chambers (RPCs) in both barrel and
endcap regions. A total of 1056 RPC detectors are present in the CMS muon system covering the
absolute pseudorapidity region up to |η | = 1.9. RPCs [2] are parallel plate gaseous detectors made
up of two gas gaps, with a strip readout plane in between, providing an extra coordinate along the
φ direction. The detector operational principle is based on an avalanche mode.
The RPCs have an excellent time resolution on the order of 1-2 ns, making them suitable
for muon triggers [3]. The gas mixture used in the operation of the RPCs is 95.2% C2H2F4
(tetrafluoroethane), 4.5% i-C4H10 (isobutane), and 0.3% SF6 (sulphur hexafluoride).
To ensure good redundancy and excellent triggering during the second phase of the LHC
physics program, known as the High Luminosity LHC (HL-LHC), the RPC system needs to be
upgraded [4]. During the HL-LHC, instantaneous luminosity will increase 5 times compared to
the nominal luminosity, which will result in a harsher background rate. The RPC muon upgrade
project will increase redundancy and robustness by installing 72 improved RPC (iRPC) in stations
3 and 4 in the pseudorapidity region 1.9 < |η | < 2.4 as shown in Figure 1.
2 Motivation behind the improved RPC
Despite having CSCs in ME3/1 and ME4/1, there is a sharp drop in muon trigger efficiency at few
|η | regions but adding the RE3/1 and RE4/1 stations along with CSCs will enhance the local muon
measurement by adding track hits and by increasing the lever arm. In addition, they will mitigate
ambiguities in resolving the multiple tracks in the endcap trigger. Furthermore, better background
rejection and capability of reconstruction for slowly moving heavy stable charged particles will be
achieved by adding the RE3/1 and RE4/1 stations to the CSC detectors. Figure 2 shows the trigger
primitive efficiencies in the RE3/1 (left) and the RE4/1 (right) regions with (red) and without (blue)
– 1 –
Figure 1. A quadrant of the CMS Muon Spectrometer, showing DT chambers (yellow), RPCs (light blue),
and CSCs (green). The locations of new forward muon detectors for the HL-LHC project are contained
within the dashed box and indicated in red for Gas Electron Multiplier (GEM) stations (ME0, GE1/1, and
GE2/1) and violet for improved RPC stations (RE3/1 and RE4/1).
the presence of RPC trigger information. An improvement of the trigger efficiency at the level of
15% is expected when the RPC hits are added to the L1 single muon trigger.
Figure 2. Comparison between L1 single muon trigger primitive efficiencies with and without RPC hits as
a function of |η | from stations 3 (left) and 4 (right). The contribution of iRPC starts after |η | = 1.9.
3 Design and Specifications of new improved RPC chambers
In the HL-LHC phase, the average background rate expected in the RE3 and RE4 stations is about
600 Hz/cm2. Considering a safety factor of 3, the required rate capability of the iRPCs will be ≈ 2
– 2 –
kHz/cm2. To cope with high background rates in the HL-LHC, we have pursued a higher detector
sensitivity compared to the RPCs presently installed in CMS. In past years, many prototype detectors
based on the current phenolic RPC technology have been constructed with different thicknesses of
gas gaps and RPC electrodes and tested at the KOrean DEtector Laboratory (KODEL) [5]. The rate
capability of the RPCs can be improved by reducing the recovery time of the electrodes and total
charge produced in a discharge.
Figure 3 shows the average pickup charge drawn in double-gap RPCs with 4 different gas gap
thicknesses, ranging between 1.2 and 2.0 mm, as a function of the electric field strength. A thinner
gap thickness more effectively retards the fast growth of the ionization avalanche charge. This
implies that the use of a thinner gap will effectively preserve the size of the operational plateau
when the digitization threshold is lowered to enhance the detection sensitivity. The reduction of the
operational high voltage will reduce the risk of detector aging and also improve the robustness of
the high voltage system. For the iRPCs, a gap thickness of 1.4 mm is chosen as safe compromise,
taking into account that thinner gaps would be more sensitive to non-uniformities.
Figure 3. Average charge per avalanche measured on 1.2 mm (full circles), 1.4 mm (open circles), 1.6 mm
(triangles), and 2.0 mm (squares) double-gap RPCs, as a function of the electric field strength.
Figure 4. Double gap RPC design.
As shown in Figure 4, an iRPC is composed of two gas gaps sandwiching a pick-up strip plane
– 3 –
in the middle. The thickness of the gas gap and the RPC electrode (Bakelite) is 1.4 mm. The High
Pressure Laminate (HPL) resistivity has been specified to be in the range from 0.9 to 3 × 1010 Ω-cm,
a factor of 2 less than that of the RPCs in the present system.
The iRPCs are equipped with a charge sensitive Front-End-Electronics board (FEB) whose
charge sensitivity is at least 5 times better than the ones used for the present RPCs. The currently
proposed value of the digitization threshold to be applied to the iRPC pulses is 50 fC. However, we
plan to decrease the charge sensitivity of the FEB to as low as 20 fC in the future.
3.1 iRPC front-end electronics and its validation at GIF++
The new FEB for the iRPC is equipped with an ASIC PETIROC and a field-programmable gate-
array (FPGA) Altera Cyclone II. The ASIC chip, based on SiGe technology, contains 32 fast channel
preamplifiers operating with a gain of 25 and with an overall bandwidth of 1 GHz. The FPGA
Cyclone II includes a time-to-digital-converter (TDC) to measure the signal travel time. The signals
are read from both strip ends. The time difference between the signals coming from the two ends
of the strip is used to determine the hit position of the particle along the strip (η position) as shown
in Figure 5. The position “Y” of hits is calculated using the time information from both ends of the
Figure 5. Diagram to determine the hit position using time information from both ends of the strip.
strip, as given in Equation 3.1.
Y = L/2 − v × (t2 − t1)/2 (3.1)
where t2 and t1 are the arrival times from both ends of the strip, v is the signal propagation velocity,
and L is the strip length.
A full-size iRPC prototype with new FEB and readout Printed Circuit Board (PCB) having average
strip pitch of 0.75 cm was tested at the Gamma Irradiation Facility (GIF++) [6] at CERN with a
muon beam under varying radiations levels. To examine the rate capability of a full-size prototype
iRPC, we used the CERN GIF++ facility whose current activity of the 137Cs gamma source is
13.9 TBq. The iRPC prototype equipped with the new FEBs was tested with gamma rates higher
than 2 kHz/cm2. At this background rate, a factor 3 higher than that expected in the HL-LHC, the
efficiencies obtained for cosmic muons were measured to be reliably higher than 95%.
The left plot in Figure 6 shows the efficiency as a function of effective high voltage measured
at 4 different background rates and the right plot shows the working point efficiency as a function
of the background cluster rate.
3.2 iRPC sensitivity and background rate study at the HL-LHC
The iRPC geometry is new, so to estimate the expected background rate it is necessary to study the
iRPC sensitivity. The GEANT4 simulation toolkit [7] was used to simulate the iRPC geometry and
– 4 –
Figure 6. Left: Efficiencies as a function of the effective high voltage measured at different background rates.
Right: Evolution of the efficiency at working point at different background cluster rates. The measurements
were performed with a threshold of 81 fC.
then to study its sensitivity. Sensitivity (S) indicates how the detector responds to the background
particles (NBG) and is defined as the probability for a particle, at a given energy reaching the
detector surface, to produce a signal (NHit ) as given in Equation 3.2.
S(E) = NHit
NBG
(E) (3.2)
The sensitivity is a function of the energy of the incident particles because at different energies, dif-
ferent processes are responsible for the production of secondary particles [8]. The iRPC sensitivity
has been studied with different particles that constitute the CMS background at the energy expected
during the HL-LHC as shown in Figure 7. Sensitivity of the neutrons (n) increases at low energy
because of the well known fact that the cross section of gammas coming from the (n, γ) capture
reaction increases with decreasing neutron energy as σ ∝ 1/√E .
The expected background hit rates in the RE3/1 and RE4/1 stations during the HL-LHC have
been estimated by the incident particle fluxes along with iRPC sensitivity. The incident energy
fluxes for various background particles have been estimated using FLUKA simulations [9], which
are used to describe the upgraded CMS geometry and to propagate particles through the detector
and surrounding material [10]. The expected background hit rate at an instantaneous luminosity
of 5 × 1034 cm−2s−1 can be plotted as a function of the distance (R) from the center of the CMS
beam pipe for both the RE3/1 and RE4/1 endcap stations, as shown in Figure 8. Finally, the average
background rate has been estimated using the average sensitivity values, [neutron (0.4%), γ (2.5%),
e+\− (6.8%)].
4 Summary and Conclusion
In the HL-LHC, the background rates in the RE3/1 and RE4/1 regions are expected to be 10 times
higher than those we have experienced in the existing endcap RPCs. To maintain the robustness,
redundancy, identification and reconstruction of muons, the RPC upgrade project is presented. The
72 new improved RPCs will be installed in 1.9 < |η | < 2.4 in the innermost rings of stations 3 and
4 during the technical stops before LS3.
– 5 –
Figure 7. iRPC sensitivity as a function of the kinetic energy of the incident particles.
Figure 8. RPC expected hit rates in RE3/1 (left) and RE4/1 (right) during the HL-LHC as a function of the
distance (R) from the center of the CMS beam pipe.
The thickness of the gas gap and RPC electrodes is chosen as 1.4 mm rather than 2 mm,
which has been used for the existing RPC system. The choice of the thinner thickness is to ensure
a shorter removal time of the avalanche charge through the RPC electrodes which enhances the
rate capability. Also, use of the thinner gaps will effectively preserve the size of the operational
plateau when the digitization threshold is lowered to enhance detection sensitivity. The reduction
of operational high voltage will reduce the risk of detector aging and helps to improve robustness
of the high voltage system.
The present iRPC prototype module equipped with new front-end electronics has been examined
using intensive gamma background at GIF++. It fulfills the requirements of operation in the high
background rates of the HL-LHC phase: the efficiency at particle rates of 2 kHz/cm2 is higher than
95% which is a factor of 3 higher than the mean value expected in the iRPCs in future HL-LHC
runs.
– 6 –
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